The work was intended to evaluate the possibility of using a microwave oven for cooking meat to be used in objective measurement protocols for meat tenderness and to optimize the conditions for this purpose. The use of a standardized microwave procedure allows a dramatic reduction in analysis time and may reduce error variance due to nonuniform cooking procedures.
| I NTR OD U CTI ON
Instrumental methods for measuring shear force (SF) have been used extensively for meat tenderness evaluations. Among these methods, the Warner-Bratzler single-blade shear test has been the most widely used method for assessing meat tenderness due to its accuracy and repeatability, producing tenderness values that correlate well to the tenderness ratings of consumers (Destefanis, Brugiapaglia, Barge, & Dal Molin, 2008; Miller, Carr, Ramsey, Crockett, & Hoover, 2001 ). However, the difficulty of standardizing tenderness evaluation is one of the main problems related to the beef quality (Silva, de Moura, Ramos, & Ramos, 2017) . The implementation of a standardized protocol, which is imperative for accurate and repeatable measurements (Ramos & Gomide, 2007) , depends on whether the cooking methods provide reproducible, consistent results. The cooking parameters (the method, rate, degree of doneness) can have a significant impact on meat tenderness, and thus, these methods need to be standardized to the fullest extent possible.
Following the attempt to identify and eliminate sources of variation in the measurement of meat palatability traits, Wheeler, Shackelford, and Koohmaraie (1998) concluded that the largest remaining source of error variance was the cooking process. There are different cooking methods available to use in meat research, and the methods preferred by a particular institution may differ based on cost, space allowance, ease of use, and effectiveness for research (Yancey, Wharton, & Apple, 2011) . However, as observed in the literature, a majority of research institutions use AMSA guidelines, which recommend cooking meat to 71C in open-hearth electric broilers or oven-broilers (AMSA, 2015) , although the consistency of these cooking methods has been questioned (Wheeler et al., 1998) . Wheeler et al. (1998) identified electric belt grills, devices that cook both sides of a steak simultaneously as it moves on a conveyer, as a more precise, repeatable, and rapid alternative to electric broilers.
The conduction heating of belt grilling was popularized by its use in the MARC Beef Tenderness Classification System (Shackelford, Wheeler, & Koohmaraie, 1999) . However, this equipment may be cost prohibitive, and it is not a practical option for most research institutions because it is available in only some countries or must be imported, often requiring special facilities. The clam-shell grill has become an alternative to the belt grill because it is less expensive and its conduction heating system has been found to have repeatability around 0.87 (Kerth, Blair-Kerth, & Jones, 2003; Mckenna, King, & Savell, 2003) , greater than 0.70 as suggested in the AMSA protocol (AMSA, 2015) .
Several studies have examined the effects of cooking methods as well as the end-point temperature on the SF values and the repeatability of SF measurements (Kerth et al., 2003; Lawrence, King, Obuz, Yancey, & Dikeman, 2001; McKenna et al., 2003; Obuz, Dikemana, & Loughin, 2003; Yancey et al., 2011) . However, the use of microwave cooking for meat tenderness evaluation, as proposed by Hostetler and Dutson (1978) , has been neglected, despite its enormous potential for use in these protocols due to its low cost, convenience, and speed of execution.
The results of the SF tests of microwaved samples that were obtained by Hostetler and Dutson (1978) were greater (25%) than those of samples cooked with an electrical broiler, but the microwave tenderness values were significantly correlated with the electrical broilers values and the consumer tenderness ratings. Although these results indicate the feasibility of using microwaves as a cooking method for tenderness protocols, the effects of different cooking times were not evaluated by these authors, and the procedures reported have not been standardized, especially with regard to the quantity of the cooked samples. Therefore, the objective of this research was to compare the effects of meat cooking in a clam-shell grill versus cooking in a microwave oven for different times on the magnitude, variance, and repeatability of cooking loss (CL) and of SF values. 
| Clam-shell grilling
The steaks were thawed (4C for 24 hr) and trimmed of external fat and epimysial connective tissue before cooking. All steaks were weighed before and after cooking to determine CL.
The steaks were placed on a Grill Britânia (model Mega, Curitiba, PR, Brazil) clam-shell-style contact grill with a "ribbed" surface for conduction cooking both sides of the steak simultaneously. The grill was preheated for 10 min (160C) and the steaks cooked until a 71C internal temperature was attained. The temperature was monitored with thermocouple wires that were inserted into the geometric center of each steak.
To assess SF, cooked steaks were allowed to cool at room temperature for approximately 1 hr. Six square cores (1.0 3 1.0 3 2.5 cm) that were parallel to the length of the muscle fiber orientation were removed (using a sample model box) to be sheared following the Warner-Bratzler square shear force (WBsSF) protocol.
| Microwave cooking (Mw)
The frozen steaks (2C) were trimmed of external fat and approximately 2.0-cm of the side edges of the frozen steak was removed. To get homogeneous samples for microwave cooking, cores were obtained from steaks still frozen. Using a sample model box, five pieces of approximately 5.00 cm-long and 1.00 cm-width were obtained. From each piece that was still frozen, 1.0 cm sections parallel to the muscle fibers were cut using another sample model box to obtain five square cores of 1.0 3 1.0 3 2.5 cm. For each steak evaluated, 25 samples were obtained, providing 50 samples by location group.
Ten random samples were immediately placed in a container that had been lined with a paper towel, which was then used to cover the FIGUR E 1 Sampling locations for microwave cooking (Mw) and clam-shell grilling (grill) treatments for cooking loss and shear force evaluations meat for microwave cooking (Electrolux, model MEF33, 2450 MHz, Manaus, AM, Brazil) for different times (20, 30, 40, 50, or 60 s) at maximum power (800 W).
The sample groups were weighed before and after cooking to determine CL. The cooked samples were allowed to cool at room temperature for approximately 15 min and were then sheared following the WBsSF protocol.
| Warner-Bratzler square shear force
For SF measurements, we use the WBsSF protocol described by Silva et al. (2015) . According to these authors, the WBsSF method was faster, technically simpler, and more accurate, as it allows for easier recognition of muscle fiber orientation, thereby ensuring that samples were taken parallel to muscle fiber orientation. The WBsSF measures the amount of force required to shear across whole muscle fibers using a square cross-section samples (1.0 3 1.0 3 2.5 cm cuboid cores) instead of round cross-section samples (1.27 cm diameter and 2.5 cm length cylinder cores) as proposed in the AMSA guidelines for WarnerBratzler shear force (WBSF) protocol. Silva et al. (2015) observed a strong and significant linear relationship between WBSF and WBsSF values for beef and pork samples, suggesting WBsSF as an alternative method to standardize the core sampling for SF measurements.
Recently, Silva et al. (2017) reported that the use of WBsSF method provide a greater repeatability and sensitivity for detecting tenderness differences than WBSF method, indicating an additional improvement in SF measurement.
Each square cross-section core was sheared once at the center, perpendicular to the fiber orientation, with a Warner-Bratzler type shear (3.05 mm-thickness) attachment using an electronic testing machine (model TA.XT plus, Stable Micro Systems, Godalming, United Kingdom). The crosshead speed was set at 200 mm/ min.
| Statistical analysis
To reduce variation arising from differences due to muscle tenderness (animal's age, aging time, and other factors), the data were arranged in a randomized block design, where each muscle composed a single block. The effects of the treatments, the location of the steak, and their interaction were evaluated by analysis of variance (ANOVA). Depending on the significance (p < .05) of the ANOVA, the effects of the treatment were tested by a Dunnett test for comparison with the reference group (clam-shell grilling), and the effects of location and interaction were tested by the Tukey test.
Correlation coefficients (r) for CL and SF values were calculated using the Pearson procedure to determine relationships among clam-shell grill and microwave oven treatments. Correlations were considered significant at p < .05.
Variance components (r 2 ) of animal, location, and error were estimated with the REML option of the VARCOMP procedures of SAS System for Windows 9.2 (Statistical Analysis System-SAS Institute Inc., Cary, NC). For each muscle, repeatability (R) was calculated using Equation 1, as described by Shackelford, Wheeler, and Koohmaraie (1997) . (Table 1) . These results differed from those reported by Shackelford et al. (1997) , who found a lower 
| Cooking loss
The CL increased (p < .05) with higher microwave cooking times and only samples cooked for 40 s (Mw40) did not differ (p > .05) from grill cooked samples (Table 1 ). According to Honikel and Hamm (1994) , the main factors affecting CL are the endpoint temperature and speed of cooking. Microwaved roasts took less time to reach endpoint temperatures compared to those cooked by conventional methods. Thus, these factors combined may explain the differences in the observed values due to the different microwave cooking times. The relative increase in CL became more pronounced at endpoint temperatures higher than 60C (Bouton & Harris, 1972; Obuz, Dikeman, Grobbel, Stephens, & Loughin, 2004) . This trend of increasing CL might be attributed to shrinkage of the muscle fibers and collagen, as discussed below.
Greater CLs most frequently are attributed to greater evaporative losses (Carpenter, Abraham, & King, 1968) . However, drip losses during cooking were greater for microwaved steaks compared with those cooked in conventional ovens, while evaporation losses are the opposite (Howat, Gros, Mcmillin, Saxton, & Hoskins, 1987; Payton & Baldwin, 1985) . These previous findings can be explained by the lack of crust formation in steaks cooked in microwave ovens and is consistent with what was observed in our experiment. In the conventional method, the superheated ( 160C) grid of the clam-shell grill in contact with the sample surface promotes rapid protein denaturation, forming a crust that seals the surface and reduces the amount of moisture and lipid that is able to escape from the steak (Kerth et al., 2003; Wheeler et al., 1998) . Moreover, in our experiment, the samples cooked in the microwave were cut prior to cooking. Water escaped from the muscle primarily by the "drip channels," formed along the length of the muscle fiber, that guide the water from the extracellular space to the meat surface (Huff-Lonergan & Lonergan, 2005) . Therefore, a mechanical disruption of the muscle fibers by cutting could favors water loss by these drip channels during the cooking process.
| Shear force
Although differences in CL have been observed, the SF values of samples from microwave treatments were not different (p > .05) from those of grilled sample (Table 1 ). The sample SF average was equal to 6.07 6 0.93 kg.
Longer microwave cooking times imply higher values of endpoint temperature, producing an expected increase in SF values (Obuz et al., 2004; Palka & Daun, 1999; Yancey et al., 2011) . The increase in meat toughness with a temperature increase is due to heat denaturation of the myofibrillar proteins and thermal shrinkage of the connective tissue, causing a greater compression of the myofibril structure (i.e., decrease in sarcomere length with consequent longitudinal shrinkage of muscle fibers) and exudation of moisture (as observed in CL, Table 1 ) (Bouton & Harris, 1972; Christensen, Purslow, & Larsen, 2000; Harris & Shorthose, 1988; Obuz et al., 2004; Ramos & Gomide, 2007) . However, at greater temperatures (above 55C), the progressive loss of the crimp structure, shrinkage of the collagen fibers, and increased solubilization of collagen occurs, which decreases the load-bearing ability and thereby the tensile breaking strength of the connective tissue (Lewis & Purslow, 1989 ).
The increase in collagen solubility with the increase in cooking temperature and time is associated with an increase in tenderness due to the conversion of collagen to gelatin by cooking (Lawrie, 2006) . In addition, Palka and Daun (1999) by Yarmand and Homayouni (2010) in the microstructure of Semimembranous (SM) muscle from domestic microwave heating, which resulted in more shrinkage and breakdown in the SM muscle than did roasting.
According to these authors, domestic microwave heating caused little hydrolysis of the connective tissue, but caused more damage to the structure of both the connective tissue and the myofibrillar elements than did roasting. The rapid increase of heat in the microwave thermal process causes not only shrinkage and structural disruption but also granulation and separation of some parts of the muscle fiber, which affects the muscle tenderness.
Although the endpoint temperature from microwave heating was not measured in our experiment, it was observed that the strips were being cooked "very well done" (dry and brown throughout) in the microwave oven for times greater than 30 s (Figure 2 ), which suggests an end point temperature greater than 77C (NLSMB, 1979) . Hostetler and Dutson (1978) reported that the endpoint temperature of strips (1.3 3 1.3 3 2.5 cm long) cooked in a microwave oven for 30 s was most likely 85C or higher. Due to relatively high collagen contents of the ST muscle, the solubilization of collagen and damage to fiber microstructure could be counterbalanced by an increased myofibrillar toughening. Together, these antagonistic effects of microwave cooking may explain why no differences were observed between the treatments with regard to SF values.
| Variance components, repeatability, and correlation coefficients
Variance components, repeatability, and correlation coefficients (compared to clam-shell grilling) of CL and SF are reported in Table   2 . Repeatability was calculated as the proportion of the total variance that can be attributed to the sample and, therefore, is an indication of measurement precision. For both CL and SF, the variation was not affected by location, which contradicts data from Shackelford et al. (1997) , who found that the animal and location had a high impact on the SF and a small but still significant impact on CL of STs.
The repeatability of CL values was high (R 5 0.89 and 0.90) for 50
and 60 s of microwave cooking (Mw50 and Mw60, respectively). Shackelford et al. (1997) However, repeatability should be taken into consideration, and correlations of the microwave treatments used in this experiment may have been underestimated due to the method used for sample preparation. While obtaining the meat strips, some samples underwent a partial defrosting before being microwaved. The response of ice to microwaves is different from that of liquid water, as ice permits deeper microwave penetration but has a lower rate of microwave absorption and, therefore, of heat development (Yarmand & Homayouni, 2010) .
Therefore, a partially frozen strip may have areas with different degrees of doneness after microwave cooking, increasing sample variability.
This phenomenon was clearly observed in microwaved samples for 20 and 30 s (Figure 2) . Thus, measures to prevent the samples from defrosting, even partially, should be taken while obtaining strips for microwave cooking.
| CON CLU S I ON
Although the data presented in this study were limited by sample size, they demonstrate, the potential for using microwave cooking as a rapid way for cooking meat to be used in research for tenderness determinations by instrumental SF protocol. Additional evaluation is necessary across more samples (of steaks), as well as checks for correlation directly with the sensory analysis. It is also important to evaluate and optimize this application in different muscles, especially in Longissimus dorsi, the main muscle evaluated in tenderness protocols.
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